Introduction {#S0001}
============

Lung cancer remains the leading cause of cancer worldwide, and its incidence and mortality have been significantly increased, closing to 1 in 5 (18.4%) cancer deaths in 2018.[@CIT0001] Non-small cell lung cancer (NSCLC), accounts for approximately 85% of all lung cancers. Despite the continued decline in smoking rates and early detection and treatment, the 5-year relative survival rate for lung cancer is currently only 18%.[@CIT0002] Therefore, there is an urgent need to develop new biomarkers to accurately detect the metastasis and recurrence of lung cancer. It is critical to study the molecular mechanisms of NSCLC progression and new targeted drugs to improve patient survival.

Interferon regulatory factor 5 (IRF5), a member of the interferon regulatory factor (IRF) family with diverse roles, is commonly found in malignant tumors.[@CIT0003] However, the expression of IRF5 in tumor is inconsistent and even the opposite. In some types of human cancers, the expression of IRF5 is upregulated, and it can promote its development, leading to a poor prognosis. On the contrary, it is a different story in some other types of cancers.[@CIT0004] It is reported that the expression of IRF5 is reduced in gastric cancer, renal cancer, and is associated with the progression and metastasis of breast cancer.[@CIT0005]--[@CIT0007] Massimino M suggested that IRF5 is a target of BCR-ABL kinase activity and reduces CML cell proliferation.[@CIT0008],[@CIT0009] Cevik O reported that IRF5 inhibits hepatitis C virus (HCV) replication and HCV-associated hepatocellular carcinoma.[@CIT0010] In contrast, tumor-promoting effects of IRF5 have also been reported. IRF5 is highly expressed in primary and immortalized thyroid carcinoma, but there is no expression in normal thyroid cells, whereas ectopic IRF5 expression increases the proliferation rate and colony formation potential of malignant thyroid cells.[@CIT0011] IRF5 is up-regulated in Hodgkin's lymphoma (HL) and is a key regulator of the abnormal transcriptome characteristics of the disease.[@CIT0012] The opposite functions of IRF5 may be due to the existence of multiple alternative splice variants, which with different cell type-specific expression and functions.[@CIT0013] Conclusively, IRF5 is a key factor in the regulation of cancer. However, few studies reported if IRF5 is differentially expressed in lung cancer, its role in lung cancer remains undefined. Therefore, a better understanding of IRF5 may provide additional therapeutic goals for disease management and requires further attention.

E2F transcription factor 1 (E2F1) belongs to the E2F transcription factor family and is involved in cell cycle control and DNA damage response. It also promotes apoptosis and inhibits cancer production.[@CIT0014] E2F1 is closely related to diffuse large B-cell lymphoma, bladder cancer, tongue cancer and gastric cancer.[@CIT0015]--[@CIT0018] And E2F1 is considered to be highly expressed in SCLC. Wang T reported E2F1 promotes EMT by regulating ZEB2 gene expression in SCLC.[@CIT0019] Park S.M suggested LncRNA EPEL promotes lung cancer cell proliferation through E2F target activation.[@CIT0020] While there are few literature reports about E2F1 expression in NSCLC.

Despite the important roles of E2F1 and IRF5 in cancers, few studies have investigated the relationship between E2F1 and IRF5 in human NSCLC. Nevertheless, we predicted that E2F1 may be a pivotal factor for IRF5. In this study, we first identified the roles of E2F1 and IRF5 in NSCLC samples. Then we verified that the change of E2F1 expression in NSCLC cell lines resulted in a significant increase in the expression and promoter activity of IRF5. Furthermore, we verified that E2F1 can bind to the promoter region of IRF5. These findings indicated that E2F1 positively regulates the transcription of IRF5 by binding to the minimal promoter region of IRF5 in NSCLC.

Materials and methods {#S0002}
=====================

Subjects and sample collection {#S0002-S2001}
------------------------------

Lung cancer and adjacent normal tissues were obtained after surgical resection from patients and stored at −70 °C in the First Affiliated Hospital of Nanjing Medical University. This study was approved by the Institutional Research Ethics Committee of the First Affiliated Hospital of Nanjing Medical University. All patients have signed the written informed consent. We declared the research was carried out according to the World Medical Association Declaration of Helsinki.

Cell culture and reagents {#S0002-S2002}
-------------------------

Human type II alveolar lung epithelium cells (A549) cells and Hela cell lines (Hela) were obtained from the American Type Culture Collection (ATCC) and cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, 1% penicillin and streptomycin. Human lung adenocarcinoma cell line (HCC827) were obtained from the American Type Culture Collection (ATCC) and maintained in RPMI 1640 with 10% FBS, 1% penicillin and streptomycin. Cells were incubated at 37 °C in 5% CO2.

Plasmids and small interfering RNA (siRNA) {#S0002-S2003}
------------------------------------------

Transcriptional start site (TSS) of human IRF5 promoter was set as + 1 according to Shu J reported \[21\] and the IRF5 genomic DNA fragment − 179 to + 62 was inserted into the pGL3-Basic vector (Promega) named as pGL3-241. The software JASPAR database version 5.0 (jaspar.genereg.net) was used for the prediction of potential transcriptional binding sites of IRF5. According to the site-directed mutagenesis kit (Takara) protocol, the E2F1 binding site mutation promoter (pGL3-mut) was created by PCR from the cloned pGL3-241 plasmid. The site-special mutagenized plasmids were named as mut-E2F1-A, mut-E2F1-B, mut-E2F1-C, mut-E2F1-A+B, mut-E2F1-A+C, mut-E2F1-B+C, mut-E2F1-A+B+C according to the binding sites. The site-special mutagenized primers were listed in [Table 1](#T0001){ref-type="table"}. The overexpression plasmids pENTER-E2F1 and the corresponding control plasmid pENTER are kept by our laboratory. The double-stranded siRNAs were synthesised and high performance purified (GenePharma). The targeted in the E2F1 mRNA and negative control sequences used were as follows: E2F1: 5ʹ-CACTGAATCTGACCACCAATT-3ʹ (sense); 5ʹ-TTGGTGGTCAGATTCAGTGTT-3ʹ(antisense);Table 1Clinical characteristic of subjectsTumor typeDifferentiation stageAgeSexTumor size (cm)NSCLCT2N0M0III63M4\*3\*2T1N0M0IA51M2\*2\*1T3N0M0IIB58M7\*6\*2T2N1M0IIB68F5\*4.5\*4T1N0M0II59M2.5\*1.5\*1.2T2N0M0IB48M3.5\*3\*3T2N0MOIB52M1.6\*1.6\*1.5T2N0M0IB64M3.5\*3\*2.5T2N0M0IIA49F4.5\*5\*3SCLCT2N2M0IIIA54F4\*2\*2[^2]

Control: 5ʹ-UUCUCCGAACGUGUCACGU-3ʹ(sense), 5ʹ-ACGUGACACGUUCGGAGAATT-3ʹ(antisense)

Quantitative real-time PCR (qRT-PCR) {#S0002-S2004}
------------------------------------

Total RNA from tissue and cells was extracted using TRIzol reagent (Invitrogen) and cDNA was reverse-transcribed using Primescript RT Reagent (Takara). qRT-PCR was performed in the LightCycler480II (Roche) using SYBR Green technology (Takara). Each sample was assessed with the specification of amplification by analyzing the melting curve. The primers were used for qRT-PCR as follows:

IRF5: 5ʹ-GGGCTTCAATGGGTCAACG-3ʹ (sense); 5ʹ-GCCTTCGGTGTATTTCCCTG-3ʹ(antisense);

E2F1: 5ʹ-AGCGGCGCATCTATGACATC-3ʹ (sense); 5ʹ-GTCAACCCCTCAAGCCGTC −3ʹ(antisense);

GAPDH: 5ʹ-TGGTATCGTGGAAGGACTCATGAC-3ʹ (sense); 5ʹ-TGCCAGTGAGCTTCCCGTTCAGC-3ʹ(antisense).

The GAPDH gene was used as a normalized standard and relative expression level was calculated with the comparative CT method.

Cell transfection and luciferase assays {#S0002-S2005}
---------------------------------------

According to the manufacturer's protocol, A549 and HCC827 cells were conducted using Lipofectamine™ 3000 (Invitrogen). The cells were seeded into 96-well plates (1.5 × 104/well). After 24 hrs, 100 ng luciferase promoter plasmids and 4 ng pRL-TK plasmids were transfected into cells using Lipofectamine™ 3000. For siRNA and overexpression assay, pGL3-241 or pGL3-mut plasmid was co-transfected with siE2F1 or pENTER-E2F1 into cells. Promoter activity was detected by a Dual-luciferase Reporter Assay System (Promega) and normalized to the activity of pRL-TK. Results were representative of at least three independent experiments performed in triplicate.

Western blot {#S0002-S2006}
------------

Total protein from frozen tissues or cells was extracted using a Total Protein Extraction Kit ((Beyotime). Protein concentrations were measured using the BCA Protein Assay Kit (Beyotime). Equal amount of protein was run by 10% SDS-PAGE and blotted on a PVDF membrane (Millipore). To block non-specific sites, the membranes were incubated in 5% dry milk in TBS-T saline (0.25 M Tris-HCl; pH 7.6, 0.19 M NaCl, 0.1% Tween 20) for 2 h, the membrane immunodetected with anti-IRF5 (Abcam), anti-E2F1 (Abcam), and anti-GAPDH antibody (Proteintech) at 4 °C overnight at a dilution of 1:2000--1:4000. Then membranes were washed three times with TBS-T and treated with goat anti-rabbit IgG (Proteintech). Signals of membranes were measured by chemiluminescence (ECL) system, scanned and analyzed by Image Lab Software (Bio-Rad)

Chromatin immunoprecipitation (ChIP) assay {#S0002-S2007}
------------------------------------------

ChIP assays were performed with the EZ-Magna ChipTM A kit (Millipore) according to the manufacturer's instructions. A total of 1×10^7^ Hela cells were fixed in 1% formaldehyde at room temperature for 10 min. The cell lysates were sonicated to generate 200--1,000 bp DNA fragments. Then immunoprecipitated with anti-IgG antibody (Millipore), anti-E2F1 antibody (Abcam) and anti-acetyl histone H3 antibody (Millipore). After reverse cross-linking and DNA purification, DNA from input or immunoprecipitated samples were assayed by qRT-PCR using SYBR Green (Takara) with the following primer: 5ʹ-GGGCTTCAATGGGTCAAGG-3ʹ (sense); 5ʹ-GCCTTCGGTGTATTTCCCTG-3ʹ (antisense).

Statistical analysis {#S0002-S2008}
--------------------

The results were presented as the mean ± standard error and experiments were repeated at least three independent experiments. Statistical analysis was performed using GraphPad Prism 7 and SPSS 22.0. Results were considered statistically significant at \**p*\<0.05.

Results {#S0003}
=======

IRF5 and E2F1 are reduced in human NSCLC tissues {#S0003-S2001}
------------------------------------------------

IRF5 and E2F1 expression levels were analyzed by qRT-PCR and Western blot in 10 pairs of tumor tissues and matched adjacent normal tissues. Our results showed a significant decrease in IRF5 and E2F1 expression in NSCLC tissues compared to adjacent normal tissues ([Figure 1A](#F0001){ref-type="fig"}--[C](#F0001){ref-type="fig"}). The IRF5 expression showed a strong linear correlation with the expression of E2F1 in tumor tissues and normal subjects in [Figure 1D](#F0001){ref-type="fig"}.Figure 1IRF5 and E2F1 are reduced in human NSCLC tissues. (**A** and **B**) The expression of E2F1 and IRF5 was analyzed by qRT-PCR (\**p* \< 0.05). (**C**) Protein levels of E2F1 and IRF5 between normal and cancer in NSCLC. (**D**) The correlation between E2F1 and IRF5 was tested with the Pearson correlation test. The differences in expression levels of E2F1 and IRF5 between normal tissues and cancers were determined using a paired *t*-test. The mRNA and protein levels of E2F1 and IRF5 were compared with GAPDH.

E2F1 upregulates IRF5 expression {#S0003-S2002}
--------------------------------

We measured the mRNA levels of E2F1 and IRF5 in the HCC827 cells by qRT-PCR to determine whether E2F1 affects IRF5 expression. Compared with the empty plasmid controls, the overexpression of E2F1 enhanced endogenous IRF5 mRNA levels (50%) ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). Meanwhile, the RNA expression of IRF5 decreased by 20% in siE2F1-treated ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). To investigate the effect of E2F1 on the expression of IRF5 protein levels, total protein was extracted from HCC827 cells and subjected to Western blot. As shown in [Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}, IRF5 protein expression increased in E2F1-overexpression treated group compared with controls in HCC827 cells, which was in consistent with the mRNA expression. And siE2F1 treated group reduced the IRF5 protein expression.Figure 2E2F1 upregulates IRF5 expression. (**A**--**B**) Quantiﬁcation of IRF5 mRNA level after pE2F1-mediated overexpression of E2F1 in HCC827 cells for 48h. (**C**--**D**) Quantiﬁcation of IRF5 mRNA level after E2F1 siRNA-mediated knockdown in HCC827cells for 48h. (**E**--**F**) IFR5 and E2F1 protein levels were detected by Western blot analysis in HCC827 cells after transfected with different doses E2F1 siRNA orE2F1 overexpression plasmid for 48 h. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.

E2F1 decreases IRF5 transcriptional promoter activity {#S0003-S2003}
-----------------------------------------------------

As Shu J reported that, Sp1 transcription factors directly binds to IRF5 gene promoter and regulates its transcriptional activity. we cloned the sequence between −179 and +62 upstream of human IRF5 promoter. To further investigate transcription factors of this region, we used the JASPAR database version 5.0 found that this region has three E2F1 transcription factor binding sites. To determine whether E2F1 directly regulates IRF5 transcription, we transfected E2F1-overexpression plasmid and siE2F1 into A549 and HCC827 cells. As shown in [Figure 3A](#F0003){ref-type="fig"}, the overexpression of E2F1 increased the luciferase activity and siE2F1 decreased it. To determine the function of E2F1 binding site in IRF5 promoter, a series of plasmids with 2-3bp point mutations of E2F1 binding sites were constructed and transiently transfected into A549 and HCC827 cells. As shown in [Figure 3B](#F0003){ref-type="fig"}, mutations of E2F1-A and E2F1-C in the A549 and HCC827 cells reduced the promoter activity. However, mutation of E2F1-B in A549 and HCC827 cells increased the promoter activity respectively. And mutations of E2F1-A+C had an obvious reduction effect, E2F1-A+B and E2F1-B+C has a little influence compared with E2F1-A+C.The triple mutation of E2F1-A+B+C also decreased the promoter activity. We co-transfected the E2F1-overexpression plasmid and siE2F1 with the mutated IRF5 core promoter into A549 and HCC827 cells, respectively. As shown in [Figure 3C](#F0003){ref-type="fig"}, changes in promoter activity were not statistically significant. We conclude that these three E2F1 binding sites play an important role in the activity of the IRF5 core promoter. Mutations of E2F1-A and E2F1-C positively regulate IRF5 core promote activity, while mutation of E2F1-B is reversed, and mutation of E2F1-A has a greater effect than mutation of E2F1-C.Figure 3E2F1 decreases IRF5 transcriptional promoter activity. (**A**) A549 and HCC827 cells were cotransfected with E2F1 overexpression plasmid or siE2F1 and pGL-241 for 24 h, respectively. (**B**) A549 and HCC827 cells were cotransfected with E2F1 overexpression plasmid or siE2F1 and mut-E2F1-A+B+C for 24 h, respectively. (**C**) The schematic structure of the reporter construct is shown on the left. Three different binding sites for the transcription factor E2F1 are represented by different open shapes. Mutations are shown in bold above the histogram. Various constructs fused to the firefly luciferase reporter vector were co-transfected into A549 and HCC827 cells with the Renilla luciferase expression vector. The level of firefly luciferase activity was normalized to Renilla luciferase activity (\**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001). The measures represented three independent experiments and are shown as the mean ± S.D. of the normalized luciferase activity.

E2F1 binds to the minimal promoter of IRF5 in vitro {#S0003-S2004}
---------------------------------------------------

To examine whether E2F1 binds to the promoter region of IRF5 in vitro, a ChIP assay was performed in Hela cells. HeLa cells were cross-linked with formaldehyde, then the cells were lysed and chromatin were sonicated. The chromatin was immunoprecipitated with an anti-E2F1, anti-IgG antibody, and the DNA precipitated in the complexes was subjected to PCR using primers flanking the region containing the E2F1-A binding site. As shown in [Figure 4](#F0004){ref-type="fig"}, the sequence of the IRF5 promoter was immunoprecipitated by the anti-E2F1 antibody, and the non-specific IgG antibody could not immunoprecipitated the sequence in vitro, and then the precipitated DNA was amplified by PCR and RT-PCR. As shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}, binding of E2F1 was detected at −179 to +62 region, where binding of non-specific IgG failed to be found, it was revealed that E2F1 can bind to the IRF5 minimal promoter in vitro.Figure 4E2F1 binds to the minimal promoter of IRF5 in vitro. (**A**) CHIP for detecting binding of E2F1 to the IRF5 promoter in vitro. The protein precipitated by the anti-E2F1 antibody binds in vitro to the amplified sequence of the IRF5 promoter, whereas the anti-IgG antibody cannot precipitate the bound protein in the sequence. (**B**) The immunoprecipitated chromatin fragments were analyzed by quantitative PCR using primer pairs spanning the putative E2F1 binding site.

Discussion {#S0004}
==========

The aim of this study was to determine the relationship between E2F1 and IRF5 in NSCLC and to investigate its underlying mechanisms. For this purpose, we examined their expression profiles and showed increased expression of both IRF5 and E2F1, which suggesting a strong linear correlation between IRF5 and E2F1 expression in NSCLC. Little is known about the reasons for this correlation. Further study unequivocally showed that overexpression of E2F1 increased promoter activity, mRNA and protein levels of the IRF5 gene, while repression of E2F1 reduced IRF5 expression. These observations suggest that E2F1 is a positive regulator of IRF5.

IRF5 is a transcription factor which belongs to the family of interferon regulatory factor (IRF), and was originally identified as a regulator of type I IFN gene expression of which encodes a 60--63-kDa polypeptide.[@CIT0003],[@CIT0021] Subsequent studies reported that IRF5 can be involved in host defense pathogens, tumorigenesis and autoimmunity.[@CIT0022],[@CIT0023] IRF5 is transcribed into nine distinct alternatively spliced informs. The existence of multiple IRF5 spliced isoforms with distinct cell type-specific expression, cellular localization, differential regulation, and dissimilar functions in virus-mediated type I IFN gene induction. V1-V4 were transcribed in human primary plasmacytoid dendritic cells (PDC), whereas in human primary peripheral blood mononuclear cells V5 and V6 were identified. And V7-V9 were detected only in human cancer.[@CIT0003],[@CIT0004] However, few studies have reported the function of IRF5 in lung cancer. Li reported that IRF5 and IRF7 were key transcription factors in IFN pathway that determined viral sensitivity of lung cancer cells.[@CIT0024] And our study indicated a decrease in the expression of IRF5 in non-small cell lung cancer, consistently.

The E2F transcription factor family plays an important role in cell proliferation, differentiation and apoptosis.[@CIT0014],[@CIT0025] At present, the E2F transcription factor family is known to be composed of 8 genes, E2F1 to E2F8, which are usually divided into two categories, E2F1, E2F2 and E2F3a are effective transcriptional activators, E2F3b and E2F4 to 8 are considered to inhibit transcription.[@CIT0025] Zhou reported that E2F1 was upregulated in NSCLC, its expression was negatively correlated with miR-936 expression.[@CIT0026] Liu reported that miR-433 inhibit the progression of NSCLC by targeting E2F3.[@CIT0027] Park indicated that E2F8 is overexpression in LC and is necessary for the growth of LC cells.[@CIT0028] E2F1 is a transcription factor involved in the regulation of a variety of biological activities, including cell cycle, apoptosis, proliferation, angiogenesis, tumor resistance, infiltration and metastasis.[@CIT0018]--[@CIT0020] Previous study reported that E2F1 promotes tumor proliferation in small cell lung cancer, and this study demonstrates that in non-small cell lung cancer, E2F1 expression is inconsistent with small cell lung cancer.[@CIT0019],[@CIT0020] Our group previously showed that E2F1 positively regulates the transcription of IRF3 through binding to the E2F1 binding site.[@CIT0029]--[@CIT0031] In this study, we observed a significant decrease of E2F1 in NSCLC tissues. Based on this result, we indicate that E2F1, as an oncogene, may inhibit the transcriptional activity of IRF5.

In conclusion, we demonstrated that the transcription factor E2F1 positively regulates the IRF5 expression by binding to the promoter specific region in NSCLC. To our knowledge, this is the first study to report the reduction of E2F1 and IRF5 both in human NSCLC tissues and various cell lines. With anti-tumor effect, E2F1 and IRF5 may represent potential therapeutic targets for NSCLC in future.
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